Introduction
============

Despite the availability of intravenous tissue plasminogen activator (IV tPA) and the doubling of treatment rates over the latter half of the past decade, only a small fraction of patients arrive within the time window to receive this treatment.^[@b1]^ Intra‐arterial therapy (IAT), consisting of device‐mediated thrombus removal or dissolution with lytics, is an alternative treatment option for patients who present with proximal intracranial artery occlusion and are ineligible for, or do not respond to, IV thrombolysis.^[@b2]--[@b3]^

Several studies have demonstrated that rapid treatment initiation with IV thrombolysis is associated with better clinical outcomes.^[@b4]^ Based on recognition of the "golden hour" in intravenous acute stroke treatment, public health initiatives have set a target door‐to‐needle time of less than 60 minutes.^[@b5]--[@b6]^ Efforts have targeted pre‐ and in‐hospital delays as part of quality improvement (QI) programs.^[@b7]--[@b8]^ Similarly, time to angiographic reperfusion of the ischemic brain has been shown to be a significant predictor of favorable clinical outcome after IAT.^[@b9]^ However, unlike for IV tPA, there are no large‐scale public health initiatives to improve the delivery of IAT. Although recent guidelines for comprehensive stroke centers (CSCs) have proposed a target door‐to‐groin puncture time of less than 2 hours,^[@b10]^ no further performance benchmarks are specified because of the lack of data regarding systems‐level processes involved in triaging patients to the neurointerventional (NI) suite and thus potential sources of delay.^[@b11]^

In a multidisciplinary pilot QI project, we aimed to identify delays to the NI suite after patient arrival to our emergency department (ED) and, based on these data, prospectively implement process changes to reduce the overall door‐to‐puncture time interval. We report on the impact of this QI initiative.

Methods
=======

IAT Selection Criteria
----------------------

Per our established institutional acute stroke protocol, IAT is considered for patients who have an intracranial proximal artery occlusion (internal carotid artery, middle cerebral artery \[MCA\] M1, or proximal M2), National Institutes of Health Stroke Scale (NIHSS) score ≥8, and imaging completed within 7 hours from last seen well (LSW) for anterior circulation strokes; these criteria were based on institutional review of best available evidence.^[@b12]^ Eligible patients are evaluated by a multidisciplinary team comprised of acute stroke neurology and NI fellows as well as their attending physicians. Patients are considered for IAT if they meet the initial screening criteria outlined above and have a noncontrast computed tomography (CT) hypodensity or diffusion‐weighted imaging (DWI) hyperintensity less than 100 mL (or less than one third of MCA territory), as calculated by ellipsoid approximation (ABC/2 rule).^[@b13]^ Our acute stroke imaging algorithm utilizes multimodal imaging, when possible, with an emergent CT/CT angiogram of the head and neck to rapidly rule out hemorrhage and assess the cerebrovasculature, followed by magnetic resonance imaging (MRI) DWI for optimal determination of core infarct volume.^[@b14]--[@b15]^

Pilot QI Project
----------------

This pilot project was supported by the Clinical Process Improvement Program (CPIP) at our hospital. The aim of CPIP is to address the challenges of clinical care in a complex healthcare system through process analysis, rapid cycle improvement, and management of multidisciplinary teams. It utilized methodology developed at Intermountain Healthcare, a national leader in QI, for measuring, understanding, and managing variation in clinical work flow.^[@b16]^

A multidisciplinary team comprised of clinical experts in stroke care from our hospital was assembled to oversee this effort. The project was conducted in 4 phases: retrospective data collection and analysis; identification of process delays; implementation of NI process improvement; and measurement of impact on time to treatment.

### Phase 1

With approval from the institutional review board (IRB), the retrospective analysis examined door‐to‐puncture times for consecutive acute ischemic stroke patients presenting to the ED from March 2007 to October 2011. Main inclusion criteria were evidence of an anterior circulation proximal artery occlusion on noninvasive imaging and emergently being taken for IAT. To characterize the pre‐existing workflow, specific time points in the clinical process were collected: (in chronological order) patient presentation to the ED; start of CT scan acquisition; start of MRI scan acquisition; patient arrival into the NI suite; and groin puncture. CT and MRI time points were obtained from an electronic time stamp found on the first sequence acquired within each scan. The following nonoverlapping process interval times were calculated in minutes: ED‐to‐CT; CT‐to‐MRI; picture‐to‐suite; and suite‐to‐puncture. "Picture" refers to the start time of the scan (CT or MRI) performed immediately preceding the patient being taken to the NI suite for IAT. In addition, key global metrics were calculated and reported: door‐to‐suite; door‐to‐puncture; and picture‐to‐puncture.^[@b10],[@b17]^

### Phase 2

To identify significant sources of delay within our workflow, we compared median times for each nonoverlapping process interval. We also compared the sizes of the interquartile ranges (IQRs), as a measure of variability and the potential for improvement with standardization. We identified the interval with the longest delay and greatest variation as the target of our initiative. In order to identify specific areas for practice improvement, process mapping was performed to detail every step required for patient evaluation and triage. Using the lean management model for clinical work flow optimization,^[@b18]^ an impact‐versus‐effort matrix was created (Figure S1) in order to identify the process improvement measure that would yield the most substantial time savings while being easy to implement.

### Phase 3

Before the official launch of the new process, the proposed changes were presented to team members and feedback obtained. The process was assessed in several pilot cases (not included in analysis) to ensure the staff understood their roles, and modifications were made, as necessary, during QI case reviews. To facilitate widespread adoption and standardization of the new workflow, reference cards for the new IAT process were distributed to all team members, and the new process map was posted in relevant acute stroke workflow areas of our hospital. The process improvement phase of the project (described in the Results) was officially instituted in November 2011.

### Phase 4

To assess the effectiveness of the new IAT process in reducing door‐to‐puncture times, a prospective QI database was established and included consecutive acute stroke patients presenting to the ED for whom the NI team was alerted. For the purposes of this analysis, data collection was closed in August 2013. With approval from our IRB, we examined 2 IAT cohorts: pre‐ and postimplementation of the QI measure. We compared time intervals for each phase of evaluation from door‐to‐groin puncture, as well as the broader time metrics.

Statistical Analysis
--------------------

Time intervals are reported as median and IQR. The Friedman\'s test was performed to compare the nonoverlapping time intervals within the sequential period; subsequently, the Wilcoxon\'s signed‐rank test was performed for pair‐wise comparisons. The Mann‐Whitney\'s U test was performed to compare the respective time intervals before and after process improvement. Multivariable linear regression was performed to identify predictors of door‐to‐puncture time. Proportions achieving a door‐to‐puncture time of 120 minutes or less were compared between the cohorts using the chi‐square test. Similarly, this was done to compare the proportions of modified Rankin Scale (mRS) 0 to 2 outcomes. Statistical significance was taken at 2‐tailed *P*\<0.05. Analysis was performed using MedCalc software (v.11.6.1.0; MedCalc Software, Ostend, Belgium).

Results
=======

Retrospective Analysis and Identification of Major Delays
---------------------------------------------------------

Examination of the nonoverlapping, component process intervals for the pre‐QI cohort (n=93) demonstrated that the picture‐to‐suite interval had the longest duration and the most variability. The median duration of this interval was 62 minutes (IQR, 40‐82); the remainder were on the order of 30 minutes or less (*P*\<0.0001 for all pair‐wise comparisons; [Figure 1](#fig01){ref-type="fig"}). Moreover, the magnitude of the IQR was 42 minutes, approximately twice as large as for the other intervals. To maximize impact on overall door‐to‐puncture time, subsequent efforts were targeted to reducing the picture‐to‐suite time.

![Identification of delays in pre‐QI cohort (sequential IAT process). Box‐whisker plots demonstrate median (line within box) and interquartile ranges (top and bottom edge of box) of the nonoverlapping process intervals. There was a significant difference among the intervals (overall *P* \< 0.0001; Friedman\'s test). In pair‐wise comparison, the picture‐suite interval was significantly longer than the others (all *P* \< 0.0001). IAT indicates intra‐arterial therapy; QI, quality improvement.](jah3-3-e000963-g1){#fig01}

In the subset of patients within the bottom quartile of door‐to‐puncture times, data on sources of delay were gathered from paper charts, electronic medical records, and acute stroke management logs in order to identify measures to reduce picture‐to‐suite times (Figure S2). A multidisciplinary team representing neurology, emergency medicine, neurointervention, and anesthesia convened to review the NI workflow. It was deemed that a major source of delay was the late activation of key team members. First, NI fellow notification routinely took place only after discovery of a proximal artery occlusion, preventing early coordination of care. Second, the NI technologist, nurse, and anesthesia team were mobilized after the decision was made by the stroke and NI attendings to proceed with treatment. This decision typically occurred upon completion of all necessary imaging studies. This sequential activation of the multidisciplinary teams necessitated patients to wait in the ED after completion of imaging studies, to allow sufficient time for decision making, procedure consent, and setup of the neuroangiography suite ([Figure 2](#fig02){ref-type="fig"}A).

![Comparison of IAT processes. Schematic highlighting delays to IAT for the sequential (A) and parallel (B) workflows. ED indicates emergency department; IAT, intra‐arterial therapy; NIR, nuerointerventional radiology; QI, quality improvement.](jah3-3-e000963-g2){#fig02}

Implementation of QI Measure
----------------------------

Using lean methodology, an early NI activation system was established as a high‐impact, low‐effort measure to reduce the time from picture‐to‐suite (Figure S1). The aim of this early activation protocol was to reduce time through parallel (rather than sequential) workflow of the various team members. As a first step, the NI fellow would be alerted before imaging acquisition based on clinical criteria alone (NIHSS score ≥8 and LSW ≤7 hours at time of evaluation by stroke team; [Figure 2](#fig02){ref-type="fig"}B). The remainder of the multidisciplinary team would then be activated by the NI fellow after confirmation of proximal artery occlusion at the time of vessel imaging. The goal was to ready the NI suite and assemble all necessary team members in parallel with the completion of imaging and treatment decision making. With this approach, patients deemed suitable for IAT could be promptly transferred from the ED to the NI suite, thus reducing the picture‐to‐suite time interval. A door‐to‐IAT process map with details on team member roles (Figure S3) was distributed and posted in relevant work areas to promote adherence to the QI measure.

Impact of Process Improvement
-----------------------------

There were 144 total patients in this analysis: 93 patients in the sequential process (pre‐QI) cohort and 51 in the parallel process (post‐QI) cohort. In the combined population, mean age was 69±15 years, median NIHSS score was 16 (IQR, 14 to 19), and 72 (50%) were female. Sixty‐six (46%) patients presented during work hours (ie, weekday from 6 am to 6 pm). There was no significant difference in these variables between the 2 groups.

Comparing the nonoverlapping, component process intervals between the 2 groups, the only statistically significant difference was observed in the picture‐to‐suite duration ([Figure 3](#fig03){ref-type="fig"}). Median duration was 62 (IQR, 40 to 82) versus 29 minutes (IQR, 21 to 41) for the pre‐ versus post‐QI process, respectively (*P*\<0.0001). This improvement translated into time savings of similar magnitude for the global metrics of door‐to‐puncture (143 \[IQR, 112 to 170\] vs. 107 minutes \[IQR, 87 to 124\]), door‐to‐suite (109 \[IQR, 86 to 131\] vs, 73 minutes \[IQR, 59 to 90\]), and picture‐to‐puncture times (97 \[IQR, 73 to 116\] vs. 60 minutes \[IQR, 48 to 75\]; all *P*\<0.0001; [Figure 3](#fig03){ref-type="fig"}). With respect to the guideline recommendation for door‐to‐puncture time of 120 minutes or less, only 29% of the pre‐QI cohort achieved this benchmark, compared to 73% of the post‐QI cohort (*P*\<0.0001).

![Impact of process improvement. Significant *P* values are shown for comparisons between the sequential and parallel processes (Mann‐Whitney\'s U test). Median times are listed above the bars.](jah3-3-e000963-g3){#fig03}

Not all patients had both CT and MRI scans performed. More patients in the post‐QI cohort underwent a single imaging modality (45% vs. 27%; *P*=0.04). Because this might affect the time differences between the 2 cohorts, a similar analysis was performed for only those patients who underwent both imaging modalities ([Figure 4](#fig04){ref-type="fig"}). This yielded similar findings where significant improvements were again observed in the post‐QI cohort for the picture‐to‐suite interval (61 \[IQR, 36 to 77\] vs. 24 minutes \[IQR, 19 to 39\]; *P*\<0.0001) and for the global time metrics of door‐to‐puncture (144 \[IQR, 120 to 165\] vs. 116 minutes \[IQR, 101 to 128\]; *P*\<0.0001), door‐to‐suite (111 \[IQR, 89 to 130\] vs. 80 minutes \[IQR, 72 to 95\]; *P*\<0.0001), and picture‐to‐puncture intervals (92 \[IQR, 65 to 113\] vs. 53 minutes \[IQR, 47 to 78\]; *P*\<0.0001).

![Comparison of IAT processes based on time of day. Significant *P* values are shown comparing sequential and parallel processes based on time of presentation (Mann‐Whitney\'s U test). Median times are listed above the bars. IAT indicates intra‐arterial therapy.](jah3-3-e000963-g4){#fig04}

Adjusting for age and NIHSS score, use of the early alert protocol (ie, parallel process) and presentation during work hours were independent predictors of shorter door‐to‐puncture times (both multivariate *P*\<0.0001). There was no interaction between these factors. Parallel workflow resulted in significant time improvements regardless of whether patients presented during work or after hours. With respect to long‐term clinical outcome, the rates of 90‐day modified Rankin score 0 to 2 were 27% (25 of 91) in the sequential process cohort and 36% (16 of 45) in the parallel process cohort (*P*=0.44). The distribution of mRS scores for both cohorts is shown in [Figure 5](#fig05){ref-type="fig"}.

![Distribution of modified Rankin Scale scores. Distributions of the Rankin scores are displayed for both the parallel and sequential process groups. The proportions are listed in parentheses.](jah3-3-e000963-g5){#fig05}

Because the stroke fellow alerted the NI fellow based on clinical suspicion for proximal artery occlusion (ie, before any imaging), we captured the instances when no proximal occlusion was present on imaging. The rate of false‐positive alerts was 23% (37 of 162).

Discussion
==========

Delays to reperfusion therapy result in worse outcomes after acute ischemic stroke.^[@b4],[@b9],[@b19]^ This has led to an American Stroke Association initiative which aims to improve door‐to‐needle times for IV tPA through the establishment of best practice strategies.^[@b6]^ Similar QI efforts in other countries have produced dramatic results with reported door‐to‐needle times as low as 20 minutes.^[@b20]^ Unfortunately, there are much less data on the magnitude of time delays and their causative factors for IAT, thus limiting efforts to improve treatment delivery.^[@b11],[@b21]^ The companion studies by Sun et al. and our group provide foundational data for this important, yet neglected, healthcare need.

A recent guideline recommendation for CSCs established a goal time from patient arrival to start of interventional treatment of 2 hours or less.^[@b10]^ Until now, it has been unclear what the duration of this interval is in real‐world practice. The retrospective results of the Rapid Reperfusion Registry demonstrate that, even at stroke centers that are highly experienced with IAT, the 2‐hour goal is achieved in only approximately half of patients.^[@b22]^ Confirming the importance of this time metric, patient outcomes were worse with longer door‐to‐puncture times.

Building on these results, our pilot QI initiative establishes the feasibility of achieving a major reduction in door‐to‐puncture time using a simple process change that can be readily duplicated at other centers. Specifically, we instituted a protocol for early activation of the NI team so that resource mobilization (ie, technologist travel, anesthesia setup, and suite preparation) would occur in parallel with patient evaluation and treatment decision making. This resulted in shortening of door‐to‐puncture times by a median of 36 minutes. Putting this in context, a post‐hoc analysis of the Interventional Management of Stroke (IMS) 3 trial demonstrated that, for every 30‐minute delay from symptom onset to reperfusion, there was a 10% relative reduction in the chance of functional independence at 90 days.^[@b23]^ Moreover, in the present study, the proportion of patients that satisfied the guideline recommendation of 120 minutes for door‐to‐puncture time more than doubled with the new protocol (72% vs. 29%).

There are likely several factors responsible for the negative results of the recent randomized, controlled trials that compared IAT against best medical management, including IV tPA.^[@b9]--[@b10]^ Of particular concern are the time delays that were observed in these studies. In IMS 3, the mean time from patient arrival to groin puncture was approximately 150 minutes.^[@b24]^ In the Mechanical Retrieval and Recanalization of Stroke Clots Using Embolectomy (MR RESCUE) trial, the mean time from *imaging* to groin puncture alone was 124 minutes.^[@b25]^ Based on data from the retrospective Rapid Reperfusion Registry, these times are much too long---the worst clinical outcomes were noted with door‐to‐puncture times of 136 minutes or greater.^[@b22]^ In contrast, our door‐to‐puncture times using the new process were substantially shorter (mean±SD, 106±22 minutes). To remedy this problem, ongoing randomized trials of IAT have incorporated maximum allowable time limits for treatment delivery. However, establishing a time goal is just 1 step in the quality improvement process and is unlikely to produce durable systemic change by itself. Rather, we believe that the multistep approach described here provides an effective template for similar initiatives that seek to reduce times and standardize treatment delivery for acute stroke intervention.

An important lesson from our experience is that a formal process for documenting time delays is essential. As a first step, it reveals the magnitude of the problem and thus provides necessary feedback data for evaluation of QI efforts. Although there were several perceived sources of delay in our IAT process before the start of this initiative (Figure S1), the median door‐to‐puncture time of 143 minutes that we measured in the retrospective cohort was much larger than anticipated. This finding, along with the recent trial experience, suggests that similar delays are occurring at the vast majority of stroke centers that offer IAT.^[@b11]^

Furthermore, data collection should be anchored by key time points during patient triage and treatment, including patient arrival to the hospital, start of neuroimaging, NI suite arrival, and groin puncture. Only then can delays from the individual component phases of patient evaluation be quantified. This granularity is critical because the causes of delay and their potential solutions are likely specific to the phase in question. To identify the interval that accounts for the most significant delays, which should be the focus of QI efforts, it is important to not only look at the absolute time duration, but also the degree of variability (ie, SD or IQR). High case‐to‐case variability reflects the lack of a standardized approach and thus the potential for time savings through a formal QI process.

In our retrospective analysis, the picture‐to‐suite phase represented both the longest and the most variable interval, owing to the fact that treatment decision making and team mobilization were occurring sequentially during this time. As a result, the patient was routinely brought back to the ED to wait while the team was assembled and the suite was prepared. By arranging these time‐intensive steps in parallel, we were able to achieve a significant time savings with modest effort and little change to the other workflow processes in place. Importantly, this approach is likely to be broadly effective across institutions. In a recent survey of IAT practice patterns, only approximately one third of respondents reported an established protocol for alerting the NI team (ie, at a specific point in patient evaluation).^[@b26]^ Consequently, it is highly probable that significant variability and delay within the picture‐to‐suite interval exist at the majority of centers.

The delivery of IAT requires the coordination of a multidisciplinary team that includes nursing, emergency medicine, stroke neurology, diagnostic neuroradiology, neurointervention, and anesthesia. Therefore, any QI effort must have the support and participation of these groups, whose multidisciplinary expertise will provide important insights during process mapping, brainstorming, and implementation of the QI initiative. With regard to implementation, we used 2 straightforward strategies to promote protocol adherence by the diverse team members. First, a simple checklist was distributed to the acute stroke neurology team listing the clinical criteria for early activation of the NI fellow. Second, a process diagram was created and posted in clinical areas to provide clear roles and responsibilities for the various teams during each phase of evaluation from door‐to‐NI suite (Figure S3). The improvement in protocol adherence is evidenced by the \>50% reduction in the size of the IQR of the picture‐to‐suite phase (Figure S4). Collectively, these efforts demonstrate the feasibility of process improvement in a complex multidisciplinary environment.

In addition to the use of parallel workflow, patient presentation during work hours was an independent predictor of shorter door‐to‐puncture times. This is not surprising given that all necessary personnel are present in the hospital during work hours, obviating the time required for the technologist, the neurointerventionist, and the stroke neurologist to travel to the hospital during after hours. Importantly, early notification of the NI team and parallel workflow significantly improved door‐to‐puncture times for both work‐ and after‐hour presentations. In order to bridge the gap between work‐ and after‐hour times to IAT, prehospital notification by first responders will likely be necessary in order to assemble the team before patient arrival. This has been successful in reducing door‐to‐balloon times in acute myocardial infarction (AMI).^[@b27]--[@b28]^ However, even with the use of prehospital stroke scales, such as the Los Angeles Motor Score,^[@b29]^ a tolerable rate of false team activation must be established because a significant number of patients will be excluded from treatment based on imaging demonstrating hemorrhage, the absence of vessel occlusion, or the presence of a large infarct. In this study, activation of the NI fellow using clinical criteria (ie, NIHSS score ≥8 and LSW ≤7 hours) led to a 23% false‐positive rate for proximal artery occlusion alone, consistent with a previous study that reported a false‐positive rate of 19% for NIHSS score ≥10.^[@b30]^

Finally, it is important to stress that there is still much left to do in order to reduce treatment delays to an acceptable level. Indeed, the existing guideline recommendation of 120 minutes from door to treatment is too long when one considers the relatively rapid rate of infarct growth, on average, and the dramatic effect of infarct volume on clinical outcome. In order to achieve optimal outcomes in ischemic stroke for patients presenting directly to a CSC, door‐to‐puncture times will ultimately need to be shorter than the 60‐minute benchmark for treatment of AMI, notwithstanding the substantial challenges in realizing this.

Our study has several limitations. First, we were likely underpowered for demonstrating the impact of our QI initiative on clinical outcomes. There was a 9% absolute increase (33% relative increase) in the rate of good outcomes after process improvement, which was not statistically significant. Although the ultimate goal of QI is better patient outcomes, the aim of this pilot QI project was to identify in‐hospital delays in the delivery of IAT and assess the feasibility of implementing process changes to reduce time to treatment. Additionally, during the course of this initiative, stent retrievers were introduced into our NI practice and may serve as a major confounder for evaluating the clinical effect of our QI efforts as a result of their higher revascularization rates, as demonstrated in recent randomized trials. Second, delays occurring after patient arrival to the NI suite and preceding puncture or revascularization were not the focus of this QI pilot and are under active investigation by our group. Finally, it is unclear whether parallel activation protocols can be successfully implemented outside major academic medical centers, which have large multidisciplinary teams with clinical residents and fellows providing 24‐7 in‐house coverage. In smaller hospitals, limited personnel or resources may make this approach challenging. Fortunately, most centers that offer IAT are larger, tertiary care centers. In the prospective phase of the Rapid Reperfusion Registry, we plan to test whether our single‐center success can be translated across multiple centers to reduce time to IAT and improve clinical outcomes.

Conclusion
==========

In‐hospital factors are a major contributor to overall treatment delay for IAT. Early activation of the NI team and parallel workflow during decision making and resource mobilization can produce substantial time savings. In this single‐center pilot QI project, median door‐to‐puncture time was reduced by 36 minutes or 25%. Utilizing clinical criteria to predict proximal artery occlusion resulted in an acceptable false‐positive rate of 23%.
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